The brain, endocrine, and immune systems are inextricably linked. Immune molecules have a powerful impact on neuroendocrine function, including hormone-behavior interactions, during health as well as sickness. Similarly, alterations in hormones, such as during stress, can powerfully impact immune function or reactivity. These functional shifts are evolved, adaptive responses that organize changes in behavior and mobilize immune resources, but can also lead to pathology or exacerbate disease if prolonged or exaggerated. The developing brain in particular is exquisitely sensitive to both endogenous and exogenous signals, and increasing evidence suggests the immune system has a critical role in brain development and associated behavioral outcomes for the life of the individual. Indeed, there are associations between many neuropsychiatric disorders and immune dysfunction, with a distinct etiology in neurodevelopment. The goal of this review is to describe the important role of the immune system during brain development, and to discuss some of the many ways in which immune activation during early brain development can affect the laterlife outcomes of neural function, immune function, mood and cognition.
INTRODUCTION
Interactions among the brain, endocrine, and immune systems are now well accepted. Though immune processes within the brain are not identical to those occurring in the periphery, the brain has resident immune cells, namely microglia, which produce cytokines and other inflammatory molecules in response to disturbances in homeostasis in a manner similar to peripheral immune cells. Other central nervous system (CNS) cells, including perivascular macrophages, astrocytes, endothelial cells, oligodendrocytes, and neurons also produce cytokines and chemokines and express their receptors, during normal brain function as well as in response to injury, infection, or illness. In addition to resident immunocompetent cells, there are multiple pathways by which peripherally-derived immune factors can affect the brain, and in turn by which the brain can impact peripheral immune responses. These include the autonomic nervous system (ANS), activation of the "stress axis" (the hypothalamic-pituitary-adrenal (HPA) axis), and cytokines, chemokines, and leukocytes that travel or signal across the (BBB). The neural and hormonal pathways by which the neuroendocrine and immune systems interact and communicate during infection or illness have been extensively reviewed [27, 61, 75, 83, 141, 199, 231, 238, 289] . The primary goal of this review is to discuss the role of immune molecules, primarily cytokines and chemokines, in normal brain development, and to highlight the mechanisms by which early-life events may alter this normal developmental trajectory via their specific impact on cytokine expression, and thereby impact later-life neuroendocrine-behavioral interactions.
NEUROENDOCRINE-IMMUNE COMMUNICATION
Beyond its traditional role in host defense, the immune system is now considered a diffuse sensory organ, which works in concert with the neuroendocrine system to achieve and maintain homeostasis throughout the entire body [138, 296] . Immunocompetent cells are located throughout virtually every organ of the body, including the brain and other endocrine tissues, and sophisticated interactions occur among these cells, via hormones, neurotransmitters, and soluble protein messengers called cytokines. Cytokines have autocrine and paracrine actions within local tissues, as well as hormonal actions via their release into the blood stream and subsequent signaling to the CNS [55, 81] . Many cytokine families have been identified, including the tumor necrosis factors (TNF), interferons (IFN), interleukins (IL-1 through 26), transforming growth factor (TGF), colony-stimulating factors (CSF), platelet-derived growth factor (PDGF), epidermal growth factor (EGF), fibroblast growth factor (FGF), macrophage inflammatory proteins (MIP), macrophage migration inhibitory factors (MIF), and insulin-like growth factors (IGF). An equally lengthy list of chemokines has been described, a subset of cytokines that mediate cell adhesion, chemotaxis, and leukocyte trafficking. Chemokines are separated into four categories including the C-C chemokines, the C-X-C chemokines, the C chemokines, and one CX 3 C chemokine [57] . Chemokines tend to be classified by their structural characteristics more than their function. Nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and hormones such as leptin, prolactin, and growth hormone have also been characterized for their cytokine-like functions [123, 162, 234] . Cytokines are generally described for their pro-inflammatory versus anti-inflammatory roles during the course of an immune response; however, many cytokine actions are pleiotropic and depend highly on the cytokine environment around them. In addition, there are a number of endogenous cytokine receptor antagonists (e.g., IL-1ra) that are released in conjunction with cytokines, which modulate their production and function.
Cytokines and the Brain
Cytokines have neuromodulatory properties within the brain during infectious and inflammatory processes; however, they are also constitutively expressed in healthy brain tissue and regulate such homeostatic mechanisms and behaviors as sleep, memory, and metabolism [89, 154, 296, 316] . One of the best-described observations demonstrating the profound effects cytokines can have on brain function is in the expression of sickness behavior [72] [73] [74] . Sick animals exhibit several well-characterized behavioral changes, including reductions in food and water intake, activity, exploration, increased sleep, and reduced social and sexual interactions [124] . These so-called sickness behaviors are not mediated by the infectious pathogens themselves, but rather they are a critical component of the immune response orchestrated by the immune system via the release of cytokines [72] [73] [74] . Cytokines induce physiological (e.g., fever) and behavioral changes via their actions within the brain [72] . As a result, preventing the synthesis of cytokines, or the binding of cytokines to their receptors within the brain prevents the expression of sickness behavior even in the presence of a peripheral immune challenge [72, 212] . Conversely, administering individual cytokines directly into the brain, in the absence of a peripheral infection, will induce sickness behavior [74] ; e.g., direct injection of IL-1β into the ventricles of the brain induces the full range of sickness behaviors [6] . Numerous studies have now demonstrated that these behaviors, rather than being pathological consequences of infection, are organized, adaptive strategies that are critical to host survival [46, 74] . As such, sickness behavior reflects an overall change in the motivational/behavioral state of the individual that is organized by the nervous, endocrine, and the immune systems.
Cytokine receptors have been characterized in microglia, astrocytes, neurons, endothelial cells, and oligodendrocytes, ubiquitously throughout the CNS of mammals, although relative densities for individual receptors vary by brain region (see [81, 243, 267, 291, 294] for review). Cytokines are produced within the brain by numerous cell types in response to virtually any perturbation of CNS homeostasis, including trauma, stroke, ischemia, neurodegeneration, or infection [15, 133, 244] . Cytokines are also produced within the brain in response to peripheral cytokine production or infectious stimuli, indicating that cytokine signals are transmitted from the periphery into the brain. This transmission may occur via several routes, including neurotransmission following cytokine binding to their receptors on vagal afferents [5, 72, 112, 145] ; signaling across the BBB --e.g., via endothelial cells, astrocytes, and microglia within the BBB that recapitulate the immune signal from the periphery by secreting their own cohort of cytokines into the brain [264, 293, 305] ; crossing into the brain at circumventricular organs where the BBB is permeable or leaky (e.g., area postrema [311] ); or finally, active transport across the BBB by specialized transporters [16, 18] . These routes of transmission have been extensively reviewed [16, 18, 74, 167, 183, 230, 237, 310] . We touch on aspects of brain development that significantly impact these transmission pathways, and the implications for long-term function, in subsequent sections of this review.
EARLY-LIFE PROGRAMMING OF BRAIN AND BEHAVIOR BY IMMUNE

DISRUPTION
In recent years, scientists and medical professionals have identified similarities between sickness behaviors caused by an acute illness and the behaviors expressed by individuals with certain neuropsychiatric disorders ( Figure 1 ) [74, 76] . In particular, the behavioral and physiological symptoms of depression are strikingly similar to the list of sickness behaviors described above including decreased food intake, decreased activity, increased sleep disturbances, and decreased social/sexual interactions; suggesting that many psychiatric disorders may involve a dysregulation of immune function even in the absence of an overt immune challenge [71, 211] . However, depression is not the only psychiatric disorder with a well-described link to immune dysregulation. These include schizophrenia, anxiety and stress disorders, major depressive disorder, autism, and learning disabilities [134, 201, 232, 263] . For instance, individuals with schizophrenia have abnormal levels of IL-1β, IL-6, growth factors (e.g. BDNF), and neuregulin within the brain and body [190, 191, 200] , indicating that these individuals have not only abnormal immune function but also differences in proteins critical for synapse formation and function within the brain. Individuals with posttraumatic stress disorder (PTSD) have increased levels of circulating inflammatory markers, increased reactivity during skin antigen tests, lower T cell counts, and increased global methylation of immune genes [25, 210, 265] . Individuals with autism spectrum disorders and Rett syndrome have altered cytokine profiles circulating within the periphery, low immunoglobulin levels, and altered T cell activation [12, 13, 25, 113, 210, 265] .
Notably many of these neuropsychiatric disorders also have a known or suspected developmental origin. The developing brain is exquisitely sensitive to both endogenous and exogenous signals that may significantly alter the developmental trajectory of cells, neural circuits, and associated behavioral outcomes. Indeed, increasing evidence suggests diverse experiences during the pre-or postnatal period, including maternal stress, nutrition, trauma, or infection, may profoundly modulate or "program" developing neural circuits, with the result that adult outcomes including behavior are significantly and often permanently affected [39, 79, 90, 207] .
A link between perinatal infection and neuropsychiatric disorders may have first been proposed in 1891, when Thomas Clousten suggested there might be an infectious origin to what he described as "adolescent insanity". Since then, many researchers have noted the strong relationship between early-life infection and the later-life onset of schizophrenia [99, 178] . The specific mechanisms by which infections may lead to psychopathology include direct infection of the developing fetus and subsequent abnormal neural development, the generation of auto-antibodies by the mother that subsequently react with fetal neural tissue, and alterations in cytokine production, which may be an underlying component of all three mechanisms [220] . Elevated levels of pro-inflammatory cytokines generated by the maternal or fetal immune system have been associated with abnormal fetal brain development and an increased risk of neurodevelopmental disorders [56, 179, 216, 290] . For instance, concentrations of IL-1β, IL-6, and TNFα are elevated in infants with severe perinatal complications or bacterial meningitis [184, 194] , and concentrations strongly correlate with the occurrence of neurological sequelae. Similarly, increased levels of IL-6 in amniotic fluid, the result of increased inflammation from bacterial infection in late pregnancy, correlates significantly with increased rates of mortality and brain injury [317] . There are several reports in humans that maternal influenza infection induces cytokine synthesis via the activation of the maternal immune system, the fetal immune system, and the placenta, each of which has been linked to increased risk of schizophrenia in the offspring [52, 130, 186, 290] . Recent advances in maternal and perinatal medicine have greatly increased survival rates among mothers suffering infections or trauma in developed countries; however, these studies establish that infections, despite the low risk of death, nonetheless leave an enduring mark [33] . In an effort to determine the mechanisms underlying such changes, a number of animal models of early-life immune activation have been developed and characterized.
Animal Models of Early-Life Immune Activation
Polyinosinic:polycytidylic acid(Poly IC)-Poly IC is a synthetic double-stranded RNA molecule that is commonly used as a viral mimetic. Poly IC is recognized by the pattern recognition receptor, toll-like receptor (TLR) 3, which specifically recognizes double stranded RNA, the genetic information for many viruses [3] . Perinatal poly IC exposure causes a robust febrile response, a profound increase in cytokine production, and HPA axis activation [95, 185, 245] . Based on the significant link between maternal influenza virus and the increased risk of schizophrenia in human offspring, several researchers have studied the long-term consequences of perinatal poly IC exposure on physiology and behavior in rodent models. Treatment of newborn rat pups with poly IC has significant effects on adult immune responses, including an attenuated febrile response and an exaggerated corticosterone response to an adult immune challenge [85] . Similar to behavioral symptoms seen in individuals with schizophrenia and autism, offspring that were prenatally treated with poly IC display significant deficits in pre-pulse inhibition acoustic startle response, decreases in exploratory behavior in both open-field and novel-object tests, and decreases in social interactions as adults [136, 179-181, 217, 262] . Cognitive impairments resulting from prenatal immune activation include deficits in reversal learning of a previously learned task [122] . In addition, rats or mice exposed to poly IC prenatally have an impaired ability to ignore irrelevant environmental stimuli, one of the central deficits in humans with schizophrenia. This is manifested in humans and rodents as a lack of latent inhibition. Latent inhibition is a phenomenon whereby repeated pre-exposure to an inconsequential stimulus (such as a tone) can decrease the capacity for that same stimulus to signal significant consequences later [322, 323] . Notably many of these behavioral deficits caused by earlylife poly IC exposure can be reversed by acute administration of antipsychotic (clozapine and chlorpromazine) and psychomimetic drugs such as ketamine [262] , which is why this animal model is heralded as a strong model for schizophrenia.
Lipopolysaccharide (LPS)-LPS, the cell wall component of gram-negative bacteria, has been used to mimic infection in many animal studies because it initiates a wellcharacterized immune response via the activation of TLR4. Within the immature rat brain, LPS induces a rapid and robust increase in cytokine expression characterized by a robust increase in the expression of many cytokines and chemokines, including IL-1β, IL-6, TNFα, CXCL1, CXCL2, CXCL10, CCL2 and CCL7, among others, as well as a marked increase in circulating corticosterone [94, 114, 206, 259, 290, 300] . Treatment of either pregnant dams or neonatal pups with high doses of LPS is linked to overt white matter damage, decreased oligodendrocyte development, hypo-myelination of neurons [56, 87, 216] , and enhanced behavioral pain responses in adulthood [132] . Lower doses of LPS given during the perinatal period also induce a number of long-term changes in the brain, both biochemical and behavioral.
Interestingly, prenatal exposure to LPS causes a decrease in stress responsivity and a blunted immune response to subsequent immune challenges during the neonatal period in rats [131, 187] . In contrast, treatment of pups postnatally with LPS causes an increase in circulating corticosterone following a stressor, and a decrease in the expression of sickness behaviors and fever following an adult immune challenge [84, 85, 298, 299] . Rats exposed to endotoxin postnatally also show changes in behavior in adulthood such as increased anxiety, and exaggerated acoustic startle responses [299, 300] . Based on both models of LPS administration during the perinatal period (pre vs. postnatal), it is apparent that the time point at which the immune challenge occurs is critically important for determining the longterm effects on neuroimmune function and behavior.
Escherichia coli (E. coli)-E. coli is a primary cause of infection in low-birth weight premature infants in the US, and infections in premature infants are associated with significant delays or alterations in neurodevelopment [1, 274] . We have extensively characterized the impact of neonatal E. coli infection in rats on later-life brain and behavior [32, 34-38, 41, 42, 44, 45, 307] . Infection of rat pups on postnatal day (P)4 (relatively comparable to a preterm human) with E. coli markedly increases circulating cytokines in the periphery (IL-1β, IL-6, TNFα) and increases circulating corticosterone for at least 48 hours after infection [35] . Within the brain, neonatal E. coli infection increases IL-1β mRNA and protein at 24 h [35] , as well as the expression of a host of other genes important for IL-1β signaling, including Caspase 1 (which cleaves IL-1β into its active form), IL-18, and the IL-1 type 1 receptor [257] . As adults, rats infected neonatally with E. coli exhibit a number of physiological and behavioral changes, including vulnerability to cognitive impairments, sensitized fever to an LPS challenge, decreased corticosterone responses to a stressor, and decreased social interactions [32, 35, 41, 42] (Figure 2 ).
Early-Life Immune Activation and Later-Life Cognition
The impact of an early-life immune challenge has been well characterized for later-life cognitive abilities, and we focus on that literature here. Cytokine receptors are distributed throughout the brain, but the hippocampus has one of the highest densities of microglia and receptors for IL-1β, a cytokine that has been well characterized in relation to cognition [69, 255] . The hippocampus is a brain region critical for learning and memory, as well as a host of other behaviors important for survival such as emotion. Notably, the hippocampus is also particularly vulnerable to damage from events that occur during development or in adulthood, such as chronic/severe stress, epilepsy, stroke, hypoxia/ischemia, or cardiac arrest [100, 225, 248, 249] . Thus, one might predict that the developing hippocampus may also be particularly vulnerable to early-life immune activation.
There are two potential pathways by which perinatal immune activation may influence neural function and its associated behavioral outcomes such as learning and memory: 1) early-life immune activation could permanently alter or disrupt the development of neural pathways important for learning and memory, or, 2) early-life immune activation could reprogram adult immune function, affecting how an adult responds to a subsequent immune challenge via either prolonged or exaggerated pro-inflammatory cytokine production or decreased anti-inflammatory regulation, which would indirectly impair the neural processes important for cognition (Figure 3 ).
Long-Term Consequences of Early-Life Immune Activation: Direct Effects on Cognition-Many labs have investigated the direct effects of perinatal immune activation on the neural circuits underlying cognition (option #1 above), and have demonstrated that perinatal immune activation can significantly affect the development of specific neural processes such as neurotransmission and synaptic plasticity important for learning and memory [43, 140, 205, 208, 308, 313] . Prenatal exposure to Poly IC causes reduced basal neurotransmission of dopamine and glutamate, as well as reduced levels of the inhibitory transmitter GABA, within the hippocampus, and reduced glycine within the prefrontal cortex, a brain region critical for working memory. The authors of these studies attribute the cognitive/behavioral inflexibility of these offspring exposed prenatally to Poly IC to the observed changes in neurotransmitter function [43] . Maternal immune activation using Poly IC also causes a reduced frequency and increased amplitude of miniature excitatory postsynaptic potentials within the hippocampus of the offspring, indicative of significant differences in baseline glutamatergic transmission [140] . There is a distinctly different pattern of neuronal activation within the hippocampus of prenatally infected rats during an object recognition task, indicating that not only is neurotransmission different but the overall function of the neuronal circuit is significantly altered [140] . Lastly, maternal Poly IC treatment also causes decreases in pre-synaptic proteins within the hippocampus of offspring suggesting differences in synapse number; these offspring also have impaired long-term potentiation (LTP), a process of synaptic strengthening important for learning, within the CA1-CA3 pathway of the hippocampus [205] .
Long-Term Consequences of Early-Life Immune Activation: Indirect Effects on Cognition-Other experiments have been designed to explicitly test option #2 above; i.e. whether early-life immune activation can alter the adult neuroimmune response to a subsequent immune challenge thereby indirectly affecting the neural circuitry underlying learning and memory. To test this possibility, rats infected neonatally with E. coli or its vehicle were tested in a modified version of contextual fear conditioning known as the context pre-exposure task [24] . This paradigm assesses the rat's memory for a recently explored context. In this task, when a rat is placed into a specific context and immediately shocked, it displays little or no conditioned fear (freezing) to the context. This absence of fear to the context is thought to occur because the animal does not have the opportunity to sample the environment and thus store a representation of its features (a hippocampal dependent process) prior to an immediate shock [246, 247] . If, however, a rat is pre-exposed to the context for several minutes the day before, an immediate shock the following day will produce substantial freezing on a subsequent test day [88, 247, 303] .
Using this paradigm, adult rats from each neonatal treatment group (control vs. E. coli infection) received no injection, saline, or a low dose of LPS (which by itself does not typically cause memory impairments) immediately following the context pre-exposure. If the adult LPS challenge causes an exaggerated or prolonged immune response in neonatally infected rats that would interfere with learning the context, then only rats that experience the combination of a neonatal infection and LPS after context pre-exposure would display impaired memory. However, if neonatal E. coli infection directly alters the development of neural pathways that support memory formation, one would predict that neonatally infected rats should display impaired memory regardless of the adult immune challenge. Results demonstrated that only rats that experienced the combination of neonatal infection and subsequent LPS exposure displayed impaired memory for the explored context [35] . In contrast, neonatally infected rats that did not receive an adult immune challenge at the time of context pre-exposure did not exhibit memory deficits. Taken together, these data support the hypothesis that neonatal immune activation increases the risk of cognitive deficits indirectly, via long-term programming of neuroimmune responses that subsequently interfere with the cellular processes of learning and memory. Interestingly, these data are in good accord with the "two-hit hypothesis" of schizophrenia, which posits that the combination of an underlying vulnerability (likely instantiated early in life) plus a later-life (typically young adult) precipitating event (e.g., stress, infection) is required for the manifestation of the illness [59, 148, 150, 173, 217] . From these data, one might ask: (1) How is the adult immune response different in an animal exposed to an early-life immune challenge; and (2) How does this impact behavior?
Cytokines and Neural Function-A growing body of evidence implicates a role for cytokines in normal, non-pathological, synaptic plasticity mechanisms within the brain and associated learning and memory behaviors [174] . TNFα is important for activity-dependent synaptic scaling within the hippocampus [26, 270] . Moreover, TNFα, as well as multiple interleukins (e.g., IL-6, IL-1, IL-10) and prostaglandins can markedly impact cognitive function, primarily memory (reviewed in [316] ). Similarly, IL-6 has been implicated in LTP maintenance [14] . High frequency stimulation in the hippocampus increases IL-6 mRNA expression [142] . Treatment of rat hippocampal neuronal cultures with IFNγ during the peak of synaptogenesis reduces spontaneous excitatory-postsynaptic currents (EPSCs) and increases spontaneous inhibitory PSCs several weeks later [51] .
IL-1β in particular has been well characterized for its role in cognition. IL-1β is induced within the hippocampus in response to fear conditioning [115] , and in hippocampal slices during the induction of LTP. However, IL-1β is also necessary for the maintenance of LTP of hippocampal synapses [241, 269] . Mice lacking endogenous IL-1β or its receptor exhibit markedly impaired hippocampal-dependent learning and memory, and similarly transgenic over-expression of the endogenous IL-1 receptor antagonist (IL-1ra) impairs LTP as well as hippocampal-dependent memory in the water maze and fear-conditioning paradigms [115, 268, 269] .
In contrast to these data, exaggerated IL-1β within the brain is also strongly associated with memory impairment. IL-1β is very tightly regulated during the course of the immune response within the normal brain. Patients with AIDS-related dementia, cancer, chronic inflammatory diseases (e.g., Alzheimer's), or autoimmune diseases often exhibit exaggerated levels of IL-1β co-occurring with cognitive impairment [103, 118, 182] . Exogenously applied IL-1β inhibits LTP within hippocampal slices [67, 147] , and similarly, a systemic injection of a high dose of LPS inhibits LTP of the hippocampal perforant pathway in vivo [292] . This effect is blocked by inhibition of Caspase-1, the enzyme necessary for cleaving IL-1β into its biologically active form [292] , suggesting that IL-1β is the mechanism by which peripheral LPS administration inhibits LTP in vivo. Rats injected with high levels of IL-1β directly into the dorsal hippocampus also display memory impairments [23, 228] . These data suggest that cytokines, in particular IL-1β, are necessary for normal cognitive function, specifically influencing the synaptic mechanisms underlying learning and memory within the hippocampus. Moreover, the physiological level of IL-1β within the hippocampus is critically important, as too little or too much IL-1β can equally impair learning and memory, consistent with a hormesis function observed for many hormones and biochemical events within the body and brain [116, 171] .
Based on the critical role for IL-1β in normal learning processes, and the learning and memory deficits seen in neonatally infected rats following an adult immune challenge, subsequent experiments have explored whether IL-1β production within the hippocampus is exaggerated or prolonged in adult rats infected neonatally with E. coli. The expression of IL-1β and its associated family of proteins is relatively low in the normal healthy brain. IL-1β protein within the hippocampus of neonatally infected rats is not detectable and not significantly different than control rats in the absence of an adult immune challenge, indicating that neonatal infection does not result in chronically elevated IL-1β levels within the brain [35] . However, in response to LPS treatment, neonatally infected rats exhibit a prolonged and exaggerated expression of IL-1β protein specifically within the hippocampus and the adjacent parietal cortex [35] . At the messenger RNA level, the genes encoding for IL-1β, IL-1β converting enzyme (caspase-1), and the IL-1β type I receptor, are all significantly elevated following LPS treatment within the hippocampus of neonatallyinfected rats compared to controls. In addition, mRNA for the anti-inflammatory IL-1ra is not significantly elevated in neonatally infected rats above controls [37] . Thus, early-life infection appears to program a shift in the neuroimmune system towards an exaggerated proinflammatory response, specifically an exaggerated increase in IL-1β within the hippocampus, during the course of an immune challenge in the adult brain. Based on these data and the literature suggesting that the level or duration of IL-1β is important for learning and memory, one might hypothesize that this exaggerated IL-1β response within the hippocampus of neonatally infected rats could impair learning of the context in the fear conditioning task. In support of this hypothesis, blocking the synthesis of IL-1β using a caspase-1 inhibitor at the time of LPS administration completely prevents the contextual memory deficit described above in neonatally infected rats [35] . Thus, exaggerated IL-1β within the hippocampus in response to an immune challenge can critically interfere with memory formation and, moreover, the risk for dysregulation of immune responses and associated behavioral deficits is capable of being programmed by early-life immune activation.
Interim Conclusions-The accumulated evidence from each of the described models of perinatal immune activation (Poly IC, LPS, and E. coli) provides interesting interpretations of the "big picture." Although the mechanism of action underlying distinct immune challenges may be different (TLR3 vs. TLR4 activation), the end results of early-life immune activation share similarities. First, all models of perinatal immune activation produce a robust increase in cytokine expression at the time of the challenge. Thus, increased cytokine production during the perinatal period emerges as a common mechanism by which many of these long-term changes in neuroimmune function and behavior may be programmed for the life of the individual. Notably, while researchers often use LPS as an immune challenge to mimic the effects of E. coli, the two stimuli can elicit very distinct cytokine profiles and behavioral outcomes in adulthood. Namely, E. coli produces a robust yet pathway-specific increase in gene expression (focused on the IL-1β family of proteins) following infection, whereas LPS produces a robust yet very broad cytokine and chemokine response following administration [257] . Therefore, the identification of common cytokines that are elevated within the developing brain by these distinct immune challenges may guide future research aimed at understanding how the incidence of seemingly disparate infections and injuries in humans has been positively linked with the incidence of neuropsychiatric disorders and cognitive impairment.
A second similarity among disparate perinatal immune challenges is their induction of longterm changes in behavior in adulthood. Some of these appear direct, and others indirect via long-term changes within the immune system as discussed previously. However, it should be noted that baseline cytokine expression was never analyzed in the adult offspring exposed to Poly IC prenatally. An alternate conclusion for the described alterations in those animals is that perinatal immune activation alters the baseline function or expression of neuroimmune molecules (even in the absence of an adult immune challenge), and in so doing indirectly affects the endpoints measured, including basal neurotransmission, LTP, and synapse formation within the adult hippocampus.
MECHANISMS UNDERLYING ENDURING CONSEQUENCES OF EARLY-LIFE IMMUNE CHALLENGE
Microglia are the innate immune cells of the brain. They are rapid responders to any disruption of homeostasis or immune challenge, and are major producers of cytokines, chemokines, and other neuromodulators within the brain. They express a wide number of surface and nuclear receptors, including those for complement proteins (CD11b), cytokines and chemokines (e.g., TNF, CCL2), as well as major histocompatibility (MHC) molecules, immunoglobulins, toll-like-receptors (TLRs), cell adhesion molecules, and many others (see [105, 123] for review). Microglia in the normal adult brain have a resting, highly ramified morphology, with low levels of "activation markers" (e.g., CD11b, MHC II) on the cell surface. However, the term "activation" marker is somewhat of a misnomer, given that resting microglia are by no means dormant or inactive. Increasing evidence suggests a role for microglia in normal synaptic plasticity mechanisms within the adult brain, including interactions with extracellular matrix composition and geometry, and dendritic spine remodeling and elimination [287, 288] . These cells are very dynamic, even when resting [204] , and continually survey their microenvironments by extending and contracting processes into nearby synapses, with a frequency that is activity-dependent [286, 297] . For instance, they sample individual synapses more frequently following visual stimulation, or in response to injury, and are likely responsible for synapse removal via phagocytosis [286] . Microglia have receptors for multiple neurotransmitters and neuromodulators, including those important for learning and memory (e.g., ATP, norepinephrine, glutamate) [227] , suggesting a rapid and direct role for these cells in normal cognition. Many excellent reviews have been published on microglia function and biology, which goes beyond the scope of the current manuscript to extensively review here [105, 123, 275, 276, 278] .
Glial Priming
Microglia are an excellent candidate for inducing long-term changes within the brain, because these cells have the capacity to become and remain chronically sensitized or "primed" [283] . In response to injury or immune stimulation, microglia up-regulate a number of these surface receptors, including those for complement proteins, MHC II (important for antigen presentation), and cytokines, which in turn initiate both repair and cytotoxic processes via interactions with numerous other CNS cell types (e.g., astrocytes, neurons) [242] . Microglial priming has been implicated in Alzheimer's, Parkinson's, and Huntington's diseases, as well as in normal aging [22, 32, 68, 96, 110, 165, 221] . The characteristics of priming are not well defined, though primed glia have been characterized in situ by an activated morphology with enlarged cell bodies and short, thick processes. An important feature of priming is that these cells do not constitutively over-produce proinflammatory mediators within the brain. Rather, the pro-inflammatory response produced by primed glia to a subsequent challenge (e.g., systemic infection) is significantly exaggerated when compared to resting/quiescent glia that receive the same challenge [223] . Thus, it is hypothesized that primed glia adopt a prolonged sensitized state, presumably following initial activation by insult or injury [224, 277] . We hypothesize based on our research that the subsequent challenge (i.e., "second hit") may occur temporally quite distant from the initial precipitating event; however, in general the dynamics of priming are relatively unknown. Note that there is also evidence that microglia become dystrophic with age in contrast to sensitized, which exhibit stripped or disembodied processes and are impaired in their normal homeostatic functions [277, 279] . In either case, because microglia are believed to be long-living cells, glial pathology has the capacity to significantly alter neural function and behavior, perhaps over the entire lifespan.
Though the priming literature has largely been focused on microglia (similar to macrophages in the peripheral immune system [144, 170, 209] ), there is some evidence that astrocyte function is altered by a prior inflammatory challenge; for instance, astrocytes cultured with discrete cytokines (IL-1β or TNFα), or with microglia-conditioned media exhibit sensitized responses to subsequent TLR2 ligands [126] . Moreover, rats given kainic acid (KA) on P15 exhibit a lower threshold to induce seizures following a subsequent exposure to KA on P45, along with long-term increases in the astrocyte markers GFAP and S100B, in addition to greater microglial activation [266] .
The concept of glial priming is striking in its similarity to the pattern of cytokine expression and cognitive impairment in adult rats infected on P4 with E. coli, in which a sensitized IL-1β response and memory deficit is only observed following the subsequent challenge later in life. Indeed, we now have strong evidence that early-life infection with E. coli leads to long-term sensitization/priming of microglia within the brain. The microglial surface antigens CD11b and MHC II are markedly increased within the hippocampus in response to infection on P4, and this increase is sustained into adulthood [35, 37] . In contrast, there were no acute or long-term changes in basal GFAP expression following neonatal infection. However, increased microglial marker expression could indicate an increase in cell number, as opposed to a change in their reactivity, consistent with the definition of "priming".
Notably, by adulthood the total number of microglia, astrocytes, & neurons within the hippocampus does not differ as a consequence of neonatal treatment. However, the morphology of microglia in neonatally-infected rats is very different in adulthood; cells are larger and amoeboid-like, with thicker processes, consistent with priming [45] . This difference is apparent basally, indicating a longterm effect of the infection alone. More recently we have confirmed and extended this characterization of glia using flow cytometric analysis of rapidly isolated microglia from rats in each condition. To do this, rats from each neonatal treatment were injected as adults with saline or LPS, and the hippocampus was collected 24 h later. Microglia were rapidly isolated [97, 128] , and stained with an APCconjugated CD11b antibody. Cell size (forward light scatter) and CD11b+ expression were assessed using flow cytometry. Again, total cell number did not differ, whereas microglia were both larger and exhibited increased CD11b+ expression on a per cell basis in neonatally-infected rats [307] , consistent with our previous in situ findings [45] .
Microglia are the source of exaggerated IL-1β in neonatally-infected rats
These collective data suggest that changes in the function of microglia, rather than simply changes in number, underlie their increased reactivity in neonatally-infected rats. Consistent with this interpretation, rapid isolation and separation of microglia (CD11b+ cells) from other CNS cell types (CD11b− cells; e.g., astrocytes, neurons) using magnetically activated cell sorting (MACS ® ) for analysis of IL-1β expression indicates that microglia are the sole source of exaggerated IL-1β in neonatally-infected rats within the brain. Most exciting, these experiments also revealed that CD11b+ cells are the source of IL-1β during hippocampal-dependent learning. As described above, systemic infection with E. coli on P4 leads to marked hippocampus-dependent memory impairment in adulthood, but only if these animals receive a low dose LPS challenge after learning. The impairment is causally linked to exaggerated CNS IL-1β production, as preventing IL-1β synthesis within the brain completely prevents the memory impairment [35] . Curiously, LPS 24 h prior to learning also impairs long-term contextual memory in neonatally-infected but not control rats despite the fact that hippocampal IL-1β is largely undetectable in both groups by 24 h after an LPS injection [35, 38] . These data led us to test the hypothesis that learning itself induces IL-1β protein within the hippocampus, which is differentially modulated in NI rats. To test this, rats treated with PBS or E. coli on P4 were injected with saline or LPS as adults, and fear conditioned 24 h later. IL-β was detectable at low but physiological levels within the hippocampus 2 h after contextual fear conditioning in both groups of rats [307] . In contrast, IL-1β was not detected within the cortex, confirming that IL-1β is significantly and selectively elevated within the hippocampus at the time of context learning. Importantly, IL-1β was undetectable within the hippocampus following either exposure to the context (with no shock) or footshock alone, suggesting that IL-1β is only synthesized within the hippocampus during a learning experience. Most importantly, this learning-induced increase in hippocampal IL-1β levels was significantly exaggerated in neonatally-infected rats that were previously injected with LPS [307] (Figure 4 ).
These data indicate that LPS given 24 hours prior to learning and memory causes a significant shift in microglial function in neonatally-infected rats such that learning itself results in exaggerated IL-1β production, which impairs learning and memory. Consistent with this interpretation, inhibiting microglia with minocycline either at the time of LPS treatment or at the time of learning can reverse the memory impairment in neonatallyinfected rats [307] . These collective data have led to three conclusions: (1) Microglia have a critical role in learning and memory via the production of IL-1β, (2) Microglial dysfunction (exaggerated IL-1β) results in cognitive dysfunction, and (3) Early-life events can significantly impact cognitive function later in life via long-term programming of microglial function.
BEYOND INFECTION: IMMUNE MOLECULES AND NEURAL DEVELOPMENT
A wide number of immune signaling molecules including cytokines, chemokines, MHC molecules, complement proteins, and TLRs have been identified for their critical roles in neural development [81] (Figure 5 ). Many of these molecules are glial-derived (microglia and astrocytes), or they critically interact with glial function to guide normal development. We and others [81, 288] have hypothesized that the colonization pattern of the developing brain by glia, and the large number of immune molecules important for brain development, has important implications for a wide number of insults or environmental stimuli that might activate the developing immune system either directly or indirectly, and in so doing exert enduring effects on neural function and behavior, and the evidence is mounting in support of this hypothesis.
Role of Microglia in Neurodevelopment
Microglia originate early in the life of the fetus and are potentially very long-lived, meaning they may have the capacity to reside in the brain for most of the life of the animal [168] . Microglial progenitor cells begin colonizing the rodent brain around embryonic day (E) 9-10 via the infiltration of primitive macrophage precursors from the yolk sac [58, 107, 168] . These primitive microglia enter the parenchyma via the blood stream and ventricles [66] . Microglia are detectable using immunohistochemical staining for the antigen Iba1 within the developing rodent brain around E13 or 14; they are initially located within the embryonic brain around subcortical regions such as the hippocampus and around the corpus callosum [301, 312] . From that point, microglia migrate to their final destination within the brain where they continue to proliferate. Similar to the rodent brain, colonization of microglia within the human brain is an orchestrated response that occurs early in fetal development alongside maturation of the nervous system [58] . In humans, the first cells with the characteristics of a macrophage appear within the yolk sac and mesenchyme (embryonic cells that will eventually develop into the circulatory and lymphatic system) around the 4 th week of gestation. Vascularization of the neural plate commences at around 5 weeks of gestation and within the 5 th and 6 th week of gestation many of these yolk-sac derived cells appear within and just outside these newly formed blood vessels (see [168] for review).
To date, it is not well known what factors drive the infiltration and migration of immature microglia into the parenchyma. Some researchers have noted that the invasion of microglia within the developing brain coincides with naturally occurring cell death during early brain development [10, 11, 222] . Moreover, chemokines such as macrophage colony stimulating factor (M-CSF) and the CSF-1 receptor [107, 250] , and intercellular cell adhesion molecule (ICAM)-2 [107, 236] , may play a role. Many other chemokines (e.g., monocyte chemoattractant protein (MCP)-1) have an important role in microglial migration and neural development within the healthy brain [63] [64] [65] 235] . We have recently identified a significant number of chemokines that are up-regulated within the rat hippocampus and cortex at birth when compared to the adult brain, including CCL2, CCL3, CCL6, CCL7, CCL12, and Chemokine (C-X-C motif) ligand 6 (CXCL6) [259] . One might hypothesize these cytokines are important for attracting primitive macrophages and immature microglia into the brain from the periphery during early brain development.
Within the adult brain, microglia have a distinct ramified morphology represented by thin, long processes and small cell bodies. In contrast, microglia within the embryonic human and rodent brain have a larger, round, amoeboid morphology, similar to the morphology of microglia seen in the adult brain following activation or injury. From embryonic development to early postnatal development, and from adolescence to adulthood, microglia shift their morphology rapidly and dramatically in a brain region-dependent manner. This process has been explored predominantly within subcortical regions of the rodent brain and the retina [66, 258] . From birth to P4, cells change their morphology rapidly as they develop from a round amoeboid shape to a shape characterized by a smaller cell body with thinner, longer processes. However, even in the juvenile and adolescent rodent brain, microglia within certain brain regions continue to show a more activated morphology suggesting that these brain regions and the microglia within them are continuing to undergo maturational changes [66, 258] .
Taking into consideration the morphology of immature microglia and the increased production of cytokines within the developing brain, one might assume that the primary role of microglia within the developing brain is related to their role as brain macrophages, specifically that they are actively engaged in the phagocytosis of cellular debris of apoptotic cells as well as the induction of apoptosis in other cells [30, 169, 301] . However, recent work suggests that microglia have a much more complex role in the developing brain. Microglia now have demonstrated roles in cellular differentiation and axon guidance [see [48, 81] for review]. Moreover, a critical role for microglia in developmental synapse elimination has recently been described [254] . C1q and C3, proteins within the classical complement cascade of the immune system, localize to synapses within the postnatal mouse brain intended for elimination [270] . Microglia that express the complement receptor (CD11b) for C3 are activated for phagocytosis of these "opsonized" or labeled, synapses [254, 272, 288] . Interestingly, a lack of CX3CR1 (fractalkine) receptor on microglia transiently reduces the number of microglia within the early postnatal brain (P8-P15), and impairs synapse elimination in mice [176] . Defects in synaptic function have been linked to a large number of mental health disorders, including depression, anxiety, and cognitive disruption, and pruning defects (either over or under pruning) are linked to autism and schizophrenia [149, 164, 251] .
Role of Astrocytes in Neural Development
Astrocytes are derived from specific populations of progenitor cells [see [318] for review] toward the end of embryonic development. During mammalian nervous system development, neural progenitor cells (NPCs) generate neurons first and astrocytes second, though the switch that guides this determination is brain-region dependent [for review see [98] ]. The differentiation of NPCs into neurons first and astrocytes second requires a discrete turning on and turning off of particular genes, such as gfap or s100b, using epigenetic mechanisms including DNA methylation [282] . Interestingly, a recent experiment determined that co-culture of neural progenitor cells with microglia can promote the differentiation of neural progenitors into astrocytes [119] . Protoplasmic astrocytes begin to sprout processes within the final weeks of embryonic development and the first weeks of postnatal development, and they develop long processes relatively rapidly. By P7, astrocytes within the hippocampus display thin processes similar to filopodia that often terminate with small bulbous structures, with usually one primary but sometimes more primary, thicker processes [54] . One week later, astrocytes within the hippocampus display much greater ramification of their processes, though many of these processes are still thin and filopodial in nature; and by P21, astrocytes display multiple primary processes, thinner processes are more ramified/mature, and astrocytes have established distinct boundaries from neighboring astrocytes. Astrocytes have a crucial function in synaptogenesis and synaptic scaling, through the release of diffusible factors and the production of extracellular matrix proteins (see [86] for review). Most synaptogenesis occurs after birth and depends significantly on astrocyte function. A single astrocyte can associate with nearly 2 million synapses [98] , making up the "tripartite synapse" [8] , and their role in synaptic plasticity mechanisms within the adult CNS is now well accepted [7, 226, 260] . Astrocytes express many neurotransmitter receptors, allowing them to rapidly perceive and respond to synaptic activity [273] . Astrocytes also produce the TNFα that mediates synaptic scaling following prolonged periods of inactivity within the HP [26, 270] . D-serine release from astrocytes is necessary for HP LTP [127, 314] . Importantly, a recent report showed that IL-1 type 1 receptor expression in astrocytes is also necessary for HP-dependent LTP and long-term memory [29] . Moreover, these cells are immunocompetent and respond to injury or infection in many ways that are analogous to microglia. In response to injury or immune stimulation, astrocytes exhibit hypertrophy and proliferation, a process known as reactive gliosis or astrocytosis, which has been implicated in a number of neurological disorders with discrete developmental origins, including seizures [266] , ischemia [281] , and cortical injury [53] .
Cytokines
A large number of cytokines have been characterized for their importance in many neurodevelopmental processes including neurogenesis, neuronal and glial cell migration, proliferation, differentiation, and synaptic maturation and pruning ( Figure 5 ). These include members of the gp130, bone morphogenetic protein (BMP), and transforming growth factor beta (TGFβ) super-families, "cytokine-like" hormones such as leptin, growth hormones, and prolactin, as well as many traditionally defined "pro-inflammatory" cytokines (e.g., IL-1β, TNFα) [49, 81, 104, 156, 176, 177, 219] . The basal expression of many cytokines early in development is significantly higher when compared to the adult brain. Coinciding with the appearance of amoeboid microglia during early brain development, researchers have reported a naturally occurring increase in cytokines. For example, IL-1β is produced at detectable levels within the cortex from approximately E14 to P7 [108] , in contrast to the adult brain in which levels are difficult to detect basally. In contrast, the cerebellum, which develops significantly later, just prior to birth in rodents, has a peak in IL-1β levels that occurs from P2 to P14 [108] . Specifically within the hippocampus, IL-1β is increased nearly 6-fold at birth when compared to adult hippocampus [259] . Time dependence and regional specificity has also been demonstrated for the expression of other cytokines during brain development, suggesting a physiological role for these cytokines in the development of specific brain circuits. Both IL-1β and TNFα are present early in the developing sheep brain, declining by birth and peaking again around the time of synaptogenesis [82] . IL-6 is important for numerous developmental processes including prenatal CNS vascular development [92] , and IL-6 increases markedly in striatum, hippocampus, and cortex throughout development, suggesting a neurotrophic role for this cytokine within these brain regions [101, 102] . IL-11 is increased 10-fold within the hippocampus at birth when compared to adults [259] . Not surprisingly, there is a corresponding increase in cytokine receptors early in development when compared to the adult brain. Specifically, IL-1 receptor 2, IL-2 receptor β, IL-2 receptor γ, and IL-6 receptor α are all significantly up-regulated at P0 within the hippocampus when compared to the adult [259] . These data suggest that elevated levels of particular cytokines may coincide with important processes of neurodevelopment in a brain region-dependent manner.
Chemokines
Chemokines are small 8-12 kD proteins important for T cell, B cell, and hematopoietic cell development [2, 129, 166, 196, 197, 321] , and are critical mediators of chemotaxis in the context of disease; e.g., recruitment of leukocytes to sites of insult or injury [146, 153, 161, 202] . Increasing research has identified a ubiquitous role for chemokines in nervous system function as well. For instance, CXCR2 increases GluR1 affinity for glutamate following transfection into human embryonic kidney (HEK) cells [160] . Application of the CXCR2 ligand, CXCL2, onto cultured cerebellar Purkinje cells increases spontaneous AMPA-type glutamatergic excitation [160] . The chemokine CX3CL1 (fractalkine) reduces AMPAmediated currents and alters EPSCs evoked by electrical stimulation of Schaffer collaterals in hippocampal neurons, via interactions with its receptor CX3CR1, which is notably highly expressed on microglia within the brain [159] . Numerous other chemokines, including CCL2 (MCP-1), CCL3 (macrophage inflammatory protein (MIP)-1α), and CXCL12, have been identified for their roles in neurotransmission within the CNS as well, particularly within the hippocampus [155, 203] .
In addition to playing critical roles in neurotransmission, chemokines are important for neural stem cell migration within the brain [152, 284] , including the developing brain. The chemokine CXCL12 (SDF-1) and its exclusive receptor CXCR4 have a critical role in the migration of neurons to their final destination. Mice lacking either CXCL12 or CXCL4 have deficits in cerebellar development, as the temporospatial migration of granule cells into the internal granule cell layer from the external layer is disrupted [166, 320, 321] . Since this discovery, others have discovered that CXCR4 and CXCL12 regulate the migration of cells within other developing brain regions including the proliferating cells of the dentate gyrus [163] , GABAergic interneurons migrating into the cortex [280] , and gonadotropin-releasing hormone (GnRH) neurons migrating from the vomeronasal organ to their destination within the hypothalamus [256] . CXCL12 also regulates axonal elongation and branching within hippocampal neurons via interactions with its receptor [229] . With more sophisticated tools aimed at targeting individual chemokines and their receptors, researchers will most likely identify many more neurodevelopmental processes that are regulated by these chemoattractant immune molecules. Notably, inflammatory stimuli increase the proliferation of neural stem cells (NSCs) in the dentate gyrus [28, 77] , and NSCs express several chemokine receptors, including CXCR4, the receptor for CXCL12, and CXCR2, the receptor for CCL2/MCP-1 [139, 284, 285, 304] , which has important implications for injury and repair, and long-term neurocircuitry organization and function.
MHC I
In addition to the members of the cytokine families, other immune molecules have a demonstrated role in neural development. MHC I proteins were described in the activity dependent formation of synapses within the visual cortex over a decade ago [60] . MHC molecules are cell-surface ligands that are best known for binding T cells within the periphery to regulate their activation. However, they are also present on neurons within the developing brain, where they are thought to be located postsynaptically near glutamate receptors and to interact with a number of putative presynaptic proteins expressed on axonal growth cones in the selection and guidance of activity-dependent synaptic formation and strengthening [261] . Since their initial identification within the visual pathway, MHC I family molecules have been identified in many neuronal types within the developing dorsal root ganglia, brainstem, hippocampus, and cerebellum, and most likely MHC I has an important role in modulating synapse formation within all of these brain regions. The MHC I family of genes is in general an attractive candidate for guiding synaptic specificity because of its enormous diversity [261] .
Complement proteins
The classical complement cascade within the peripheral immune system consists of a large number of proteins, including the initiating molecule C1q and downstream effector C3, which organize interactions between cells of the innate and adaptive immune system in order to aid in pathogen detection and elimination [193] . As described above, a role for these same proteins in developmental synapse elimination, or pruning, within the CNS has recently been recognized. Complement proteins are widely expressed within neurons of the developing brain, particularly during periods of active synaptic remodeling [272] . C1q or C3 deficient mice exhibit impairments in synapse elimination, along with disordered layer segregation within the lateral geniculate nucleus of the developing visual system. The prediction is that these same molecules are important in a number of developmental disorders as well; e.g., psychiatric disorders in which defective synapse elimination has been implicated, including autism and schizophrenia [271] , although this remains to be directly demonstrated.
PAMPs, DAMPs and Toll-Like Receptors
The innate immune system represents a complex set of tissues, cells, and molecules critical for the detection, containment, and elimination of a large number of pathogens, insults, and damage to cells. Pathogen-associated molecular patterns (PAMPs) are a diverse set of evolutionarily-conserved molecules present on micro-organisms such as bacteria and viruses, which are recognized by the innate immune system via the activation of the endogenous pattern recognition receptors (PRRs), most notably the TLRs. The pattern recognition receptor TLR3 is expressed by neural progenitor cells in the developing cortex and regulates the proliferation of these cells [157] . In vitro studies suggest TLR2 and 4 are important for stem cell fate determination, and mice lacking TLR2 exhibit impaired neurogenesis, whereas mice lacking TLR4 exhibit enhanced neurogenesis [240] . These data are especially intriguing given that the Toll family of receptors were initially characterized in Drosophila for their role in embryonic neural patterning, but are inseparable from the immune system in mammals [4] . Importantly, the function of some TLRs, including TLR2 and 4, extends beyond that of PAMP recognition to "danger" associated molecular patterns (DAMPs) recognition more broadly [172] . DAMPs include endogenous "alarmins" that are released in response to cellular or tissue distress [31] . There are many putative factors that have been identified as alarmins, including hyaluronan, high mobility group box (HMGB) 1, and heat shock proteins (see [31] for review).
A few of these alarmin molecules have an established role in brain development, neural function, and behavior. Most notably, HMGB1 is a ubiquitous component of chromatin which can be released by necrotic cells, is retained by apoptotic cells, and is actively secreted by cells undergoing an inflammatory challenge or biological stress [192] . However, HMGB1 is also highly expressed in the developing brain of vertebrate and non-vertebrate species (Figure 6) , and is the only HMGB to be released even in the absence of immune activation [120, 137, 151, 233] . Years ago, it was determined that HMGB1 can induce neurite outgrowth from embryonic forebrain cultures derived from rats [233] . More recently, it has been determined that HMGB1 is necessary for the survival and differentiation of catecholaminergic neurons during the development of the forebrain in zebrafish [319] . Thus, similar to other immune molecules previously discussed, alarmin molecules appear to have a critical role in the development of functional circuits within the brain.
HMGB1's role in neural function and behavior is exemplified in a recent experiment which determined that over-expression of HMGB1, caused by a functional knockout of Single-Iginterleukin-1 related receptor (SIGIRR), a protein that constitutively down-regulates HMGB1 expression, causes significant impairments in hippocampal function in adults [62] . Specifically, these mice show deficits in novel object recognition, spatial reference memory, and LTP. Blocking TLR4, one of the innate immune receptors activated by HMGB1, completely blocks these deficits caused by exaggerated expression of HMGB1 signaling [62] , suggesting that these effects of HMGB1 are exclusively driven by the activation of the innate immune system. These data support the hypothesis that dysfunction of the immune system -including in this case the dysregulation of alarmin proteins -can cause significant cognitive impairment even in the absence of an overt immune challenge.
Is there a sensitive period for the long-term consequences of early-life immune activation?-The development of the brain involves an exquisitely timed set of events that ultimately lead to the formation of functional circuits required for complex behaviors. Thus the consequences of an immune challenge early in life for potentially lifelong behavioral outcomes will undoubtedly vary depending on the ongoing developmental processes at the time of insult. We have recently reviewed this evidence [39] . As described in the previous section, the morphology, function, and synthesis of immune molecules from glial cells are markedly different during early postnatal development as these cells continue, themselves, to develop and direct the development of the cells around them. We have thus hypothesized that the distinct colonization pattern of microglia into the developing brain represents a sensitive period for long-term changes in their function as well as associated cognitive and behavioral outcomes; if true, then a challenge later in life should not have the same impact. Indeed, E. coli infection on P30, a time when the majority of microglia are in a mature ramified state in males [259] , does not enduringly impact IL-1β expression, nor does it impact cognition in adulthood, either basally or following an LPS challenge [38] . Beyond changes in glia, and in immune molecules expression within the developing brain as described previously, there are numerous other factors that likely impact the long-term consequences of immune disruption or challenge early in life, including the maternal immune response, and the placental and blood-brain barriers.
The Maternal-Fetal Interface
The maternal immune system and placenta are two critical factors that can distinguish or differentially impact the neurodevelopmental outcomes of the offspring exposed to an immune challenge prenatally. Pregnancy is associated with many changes in the maternal immune response (see [239] for review). Over the course of pregnancy, there is a gradual shift from cell-mediated (Th1) to humoral (Th2)-dominant responses, a decrease in inflammatory macrophages and cytokines production, decreased febrile responses, and an increase in regulatory T cells, changes that are hypothesized to prevent fetal rejection [188, 239] . However, these changes also affect disease pathogenesis, including susceptibility to infectious diseases that are often increased [239] . Interestingly, maternal immune activation, while altered, nonetheless results in a robust increase in certain cytokines (e.g., IL-6) within the maternal blood stream [261] . Cytokines produced by the maternal immune system may in turn gain access to the fetal brain, via the placenta. The placenta is the first functional organ of the fetus [218] , and research on "fetal programming" increasingly focuses on the placenta as a crucial source of variation in the development and physiology of the fetus in response to environmental change (reviewed in [111, 143, 195] ). The majority of this research has focused on the impact of maternal stress or maternal nutrition on fetal outcomes, via changes in metabolic pathways (e.g., leptin, insulin) [9, 79, 143] . However, a significant literature on the role of placental endocrine-immune interactions is emerging. Maternal antibodies and immune cells contact the lining of the syncytiotrophoblast layer of the placenta, which in turn increases cytokine production. In addition, the placenta has its own macrophages, known as Hofbauer cells, which are capable of producing cytokines and chemokines [91] . While there is debate about whether maternal cytokines cross the placenta, cytokines that are produced directly by the placenta include IL-1, IL-2, IL-6, IL-8, and IL-10, interferons and TNFα, and likely many others [136, 218] . There is a current upsurge in interest into the mechanisms by which placental cytokine expression may impact fetal development; recent evidence suggests an impact on fetal growth via downstream modification of growth factors, such as IGF-1 [136] , and leptin [47, 70, 158, 295, 309] . In sum, the placenta has the capacity to produce its own array of cytokines, which can enter the fetal circulation and thereby modulate or interfere with ongoing fetal growth and neurodevelopment [136, 218] . Notably, imbalanced cytokine production within the placenta has been observed during maternal infection, but also in response to preeclampsia, prenatal stress, and exposure to air pollution (47, 158, 307] , suggesting the implications of placental neuroendocrine-immune interactions extend well beyond infection.
Blood-Brain Barrier (BBB)
The BBB is a collection of endothelial cells, astrocytes, pericytes, and microglia that separate the circulating blood and the extracellular fluid of the brain via the integrity of the tight junctions between these cells. The BBB must effectively bring nutrients and oxygen into the brain while effectively keeping out any foreign or invading substances that might be damaging to sensitive neural tissue. It is becoming more evident that the integrity of the BBB has a major role in the pathophysiology of many neuropsychiatric disorders [190, 315] ; for instance, the passage of cytokines and chemokines through the BBB can not only affect neural function and behavior but also cause considerable damage to neural tissue. In general, dogma states that cytokines are large enough molecules that their passage across the BBB does not occur. However, it is now understood that certain cytokines can cross the BBB via saturable transport [17] [18] [19] 121] . Specifically, the BBB has selective cytokine binding sites that convey the cytokine across the barrier via transporters (see [16] for review). In addition, cytokines increase the permeability of the BBB [213] [214] [215] , thereby increasing the likelihood of cytokine transport across. Thus, while a rare occurrence, in the event of trauma caused by hypoxia/ischemia or severe inflammation, metabolic changes such as diabetes, or even drugs of abuse, the composition of the BBB can change [125] and circulating cytokines from the periphery may enter the brain and affect its function.
The developing brain represents a new set of challenges to the dogma regarding BBB permeability. The BBB is significantly more permeable during early brain development, as it is relatively underdeveloped at this time. In general, tight junctions are present early in development such that the BBB is developed enough to keep out the majority of large proteins [see [252] for review]. However, the capacity for some lipid-insoluble molecules to enter the developing brain is greater than in the adult brain [21, 252, 253] . Neonatal infection with E. coli, for example, causes a significant increase in the gene expression of cytokines within the brain itself [35, 257] , but also a robust increase in the serum protein levels of many cytokines (IL-1β, IL-6, and TNFα) [35] . It is likely that the invasion of cytokines and chemokines from the peripheral immune system into the brain is greater in the developing brain than in the adult brain. Moreover, E. coli enters the brain directly following peripheral infection of the newborn rat [35] , but not in the adult. Such direct access of pathogens can in theory activate microglia directly via pathogen recognition receptors (e.g., TLRs), as opposed to indirectly via cytokines. As a result, the potential risk for damage from a peripheral immune challenge might be much greater in the neonate than in the adult.
CONCLUSIONS AND FUTURE DIRECTIONS
In summary, we have reviewed the evidence that the immune system is critically involved in neural and endocrine function, in both sickness and in health. During brain development, a large number of immune molecules are implicated in various aspects of "building a brain", including neural cell differentiation, migration, synapse formation and refinement, and programmed cell death. Microglia produce or express receptors for many of these molecules, and are especially active beginning in mid-gestation and throughout the perinatal period. For this reason, we have hypothesized that development represents a sensitive period for impacting microglial function, and subsequent brain and behavioral development. However, many outstanding questions remain.
For instance, many developmental disorders exhibit a striking sex difference in their etiology and prevalence. Males are more likely to be diagnosed with disorders that present at birth or early in childhood, such as autism and learning disabilities. In contrast, females are more often diagnosed with disorders that arise around the onset of adolescence or puberty [see [20] for review]. This epidemiology suggests that there are sex-based neurobiological differences, which are likely to arise during development, that either directly promote specific neuropsychiatric disorders or increase the susceptibility to environmental factors that lead to such disorders. At present, no sex-based differences have been described that can fully explain the sexual dimorphism of neuropsychiatric disorders. However, there are sex differences within the placenta in response to a wide number of environmental variables (reviewed in [135] ). For instance, prenatal stress induces larger changes in genes important for fetal growth in males compared to females [189] . Moreover, we have recently reported a marked sex difference in the colonization of the developing brain by microglia [258, 259] , wherein females have 5-fold fewer microglia in brain regions important for cognition during the first postnatal week compared to males. Notably, females also do not exhibit the same enduring impact of an E. coli infection on P4; i.e., exaggerated cytokine production and memory deficits are not observed in adult females infected on P4 [40] , potentially due to a blunted microglial-derived inflammatory response to the initial infection. Interestingly, the sex difference in microglial colonization observed in the neonatal brain reverses entirely just prior to adolescence, in the juvenile brain, and this sex difference is maintained into adulthood. Microglia within the female brain also appear to have a more activated morphology than the microglia within the male brain just prior to adolescence and into adulthood, suggesting that microglia within the juvenile/adolescent female brain may have a very different functional output from the microglia in the male brain at this time. Whether and how sex steroids impact these sex differences in placental function and microglial development remain to be defined.
Another important question is a critical one for intervention, and that is whether longterm "programming" effects would be observed under less "impoverished" laboratory conditions. For instance, we have recently determined that 6 weeks of limited daily environmental enrichment in adult rats, independent of any early-life manipulation, increased microglial and astrocyte surface antigen expression within the dentate gyrus of the hippocampus (which may indicate an increase in their density), but notably decreased the proinflammatory cytokine response to a systemic LPS challenge compared to standard housing controls [306] . However, the implications for behavior, if any, remain to be determined. We have also demonstrated that a neonatal "handling" paradigm, which increases the quantity and quality of maternal care, reverses some but not all aspects of neonatal infection on adult function. Glial priming appears to be largely prevented; however, handling is unable to decrease anxiety or increase learning and memory in neonatally-infected rats, which is characteristic of this paradigm in normal control animals [37] . Nonetheless, these data have intriguing implications for the prevention or reversibility of immune activation early in life. Again, the answer likely depends on the timing of exposure, and the underlying neurodevelopmental processes at play, in combination with genetic factors.
Taken together, we propose that this field warrants further research into the role that sex and brain regional dependent mechanisms may play in hormone-immune interactions, glial colonization/differentiation, number, and function, and their potential contribution to neural and cognitive dysfunction. Enduring consequences for the brain may be due to cell-intrinsic changes within microglia, or to changes in a plethora of other immune molecules that we now know are critical for normal brain development. How and when immune molecules interact with hormones, such as sex steroids, metabolic factors such as leptin, insulin and growth hormones, which are all critical for proper neural and behavioral development, is clearly underexplored. In sum, because immune molecules are also critical for behavioral outcomes, including cognition, mood, and social interactions, an impact on their function by diverse challenges early in development is a candidate mechanism of risk or resilience for neuropsychiatric disorders, as well as a novel target for behavioral or pharmacological interventions.
Highlights
• The nervous, endocrine, and immune systems communicate during health and disease
• Cytokine dysregulation is linked to several diseases and neuropsychiatric disorders
• Immune molecules and microglia are critical for normal brain development
• Perinatal stressors may cause neuroimmune dysregulation and behavioral disorders
• Microglia may present a novel target for interventions Systemic infection produces a peripheral cytokine response, which in turn produces a cytokine response in the brain. Cytokines within the brain induce a well-characterized set of adaptive behaviors that are intended to help fight infection, including reduced appetite (food and water intake), increased sleep and decreased overall activity, reduced social interactions, and altered cognitive function. Many neuropsychiatric or mood disorders exhibit a similar set of behavioral symptoms that have become prolonged or exaggerated, including chronic metabolic disorders or decreased appetite, chronic sleep disturbances/fatigue, altered social interactions, withdrawal/depression, and decreased cognitive function (e.g. learning disabilities, dementia, and delirium). Not surprisingly, many neuropsychiatric disorders are also associated with altered immune/neuroimmune function. Neonatally-infected rats exhibit a sensitized fever response following an adult immune challenge, such as LPS, when compared to control rats [41] . Neonatally-infected rats have an attenuated corticosterone response to an acute stressor, when compared to control rats [42] . Neonatally-infected rats also exhibit decreased social interactions with other rats when compared to control rats [42] . Neonatal immune activation directly affects neuronal function by reducing neurotransmitter function (including GABA in the hippocampus and glycine in the prefrontal cortex), decreasing the expression of presynaptic proteins in the hippocampus, inhibiting long-term potentiation, and producing a differential neuronal activation pattern during a learning task such as the novel object recognition task. Neonatal immune activation indirectly alters neuronal function by producing long-term changes in neuroimmune function that in turn negatively impact neuronal function. Decreased tonic inhibition of microglia via altered expression of neuronal inhibitory signals, including fractalkine (via its receptor CX3CR1) and CD200, also results in exaggerated cytokine responses, which impact neuronal function. (A) Neonatally-infected rats and controls were treated in adulthood with saline or lipopolysaccharide (LPS) 24 h prior to either a learning experience (fear conditioning, consisting of 2 min context exploration followed by a footshock), or a control procedure which consisted of footshock only (without context exploration) or context exposure only (no footshock). IL-1β protein was measured in the hippocampus of separate groups of rats from each neonatal condition, 2 h after each of these conditions (shock alone, context alone, or context + shock/fear learning). In rats from both neonatal conditions that received a saline injection as adults, IL-1β protein was only increased after the learning experience (context + shock); *p<0.001, compared to context alone or shock alone. Neonatally-infected rats that received LPS 24 hours prior to behavioral testing exhibited an exaggerated IL-1β response, but only in response to learning (context + shock); **p<0.01 compared to control rats. These data indicate that normal learning induces the synthesis of IL-1β in the hippocampus, but neonatally-infected rats that receive an adult immune challenge have dysregulation of IL-1β at the time of learning. Subsequent experiments revealed that microglia were the sole source of IL-1β in these experiments [307] . (B) In a separate set of rats, fear memory for the context was assessed 72 h after conditioning. Rats from each neonatal condition that received saline 24 h prior to the learning experience show robust freezing behavior (fear) at the 72 h test, indicating that they remember the association between the shock and the context. Control rats that received LPS 24 h prior to conditioning also show robust freezing behavior (fear) at the 72 h test, indicating strong memory. In contrast, neonatally-infected rats that received LPS 24 h prior to conditioning exhibit significantly decreased freezing (fear) in the context (**p<0.05), indicating impaired memory only in this "2-hit" group (neonatal infection + adult immune challenge; see [307] ). (C) Our working model is that IL-1β is produced by microglia within the hippocampus at the time of learning and is required for normal memory formation. In the absence of learning (shock alone or context alone), IL-1β is not produced in detectable levels. In neonatally-infected rats, long-term changes in neuroimmune function (microglial priming, see [307] ) results in significantly exaggerated levels of IL-1β following a learning experience, which are "unmasked" by the adult LPS challenge. These exaggerated levels of IL-1β interfere with the consolidation of the learning experience and result in memory deficits. The cartoon illustrates microglia in a quiescent phenotype (left-hand tail of the inverted U), in a normal, active phenotype in which IL-1β is produced during normal learning to support memory (center), and in a sensitized/primed morphology in which exaggerated levels of IL-1β are observed in response to learning, but only in neonatally-infected rats that receive LPS as adults (righthand tail of the inverted U). All data are represented from [307] ). Microglia, astrocytes, and neurons share a common molecular language within the CNS, and continually communicate via cytokines, chemokines, neurotransmitters and other factors (center circle). Many of the same molecules originally identified for their roles in immune function have now been implicated in neural development; representative examples are conceptualized here (see [48, 81] for comprehensive reviews).
(1) Many cytokines are important for progenitor cell maintenance, proliferation, and differentiation. The bonemorphogenic protein (BMP)/transforming growth factor beta (TGFβ) family of cytokines is critical for neural induction [106] . The gp130 receptor and associated ligands are important for progenitor cell maintenance and proliferation [80, 117, 175] . TLR3 is important for maintaining progenitor cell populations and proliferation of dividing cells within the brain [157] , and HMGB1, a known ligand for TLR4, impacts cell survival [319] . (2) Cytokines such as IL-1β and the IL-6 family of proteins have a demonstrated role in cytogenesis within the developing brain [50, 198] . IL-1β expression peaks during astrocytogenesis, which is dependent on the presence of amoeboid microglia [109] . Microglia begin to colonize the developing brain as primitive yolk sac macrophages beginning around E9-10 [107] ; macrophage colony-stimulating factor (M-CSF) and the CSF-1 receptor are important for this recruitment [107, 250] . (3) Chemokines, in particular CXCL12 and its receptor CXCR4, guide the migration of new neurons in many brain regions, including the cerebellum [166, 321] . (4) MHC I is critical for the activity dependent formation of synapses within the visual cortex, and likely many other brain regions [60, 78, 261] . TNFα released by astrocytes promotes synaptic transmission and affects activity-dependent synaptic scaling [270] . (5) Complement proteins, C1q and C3, tag synapses for elimination [272] . Microglia recognize these proteins via the complement receptor 3 (CD11b), and phagocytose the labeled synapses as a mechanism of synaptic pruning [254] . (6) Microglia are the primary phagocytic cells of the CNS, and thus have an important role in phagocytosing apoptotic debris following programmed cell death, a process that occurs continuously and most abundantly within the developing brain [93] . Programmed cell death likely plays a major role in recruitment of microglia into the CNS [302] . Toll-like receptors are innate pattern recognition receptors which identify the pathogenassociated molecular patterns (PAMPs) of specific pathogens. For example, TLR4 recognizes the immunologically active cell wall pattern of gram-negative bacteria, lipopolysaccharide (LPS), which is also found on E. coli. The role of these receptors has recently expanded to include the broader recognition of "danger" associated molecular patterns (DAMPs). These include a novel subset of proteins that are produced and released by nearby cells undergoing cell death or distress, known as alarmins, which are putatively recognized by TLRs, including both TLR4 and TLR2. Proteins that have been identified as alarmins thus far include hyaluronan, Heat Shock Proteins, and high mobility group box (HMGB) 1. In addition, the list of exogenous or environmental factors that are hypothesized to activate TLR4 (directly or indirectly) is ever-expanding. These include drugs of abuse (e.g. opiates, amphetamines, and ethanol), saturated dietary fats, and other toxins (e.g. air pollution).
